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DISPLAY HAVING PARTICULAR
POLARISATION MODIFYING LAYER

TECHNICAL FIELD

The present invention relates to a display for providing a
restricted viewing mode. Such a display may, for example, be
used to provide a private viewing mode with a relatively
narrow viewing angle. Another example of use of such a
display is to provide an optical decoding mode for viewing
encoded image data. Such displays may be switchable
between the restricted mode and an alternative mode, such as
a public viewing mode with a relatively wide viewing angle.

BACKGROUND

A number of devices are known which restrict the range of
angles or positions from which a display can be viewed. U.S.
Pat. No. 6,552,850 discloses a method for the display of
private information on a cash dispensing machine. Light
emitted by the machine’s display has a fixed polarisation
state. The machine and its user are surrounded by a large
screen of sheet polariser which absorbs light of that polarisa-
tion state but transmits the orthogonal state. Passers-by can
see the user and the machine but cannot see information
displayed on the screen.

A versatile method for controlling the direction of light is
a ‘louvred’ film as illustrated in FIG. 1 of the accompanying
drawings. The film comprises alternating transparent and
opaque layers 1 and 2 in an arrangement similar to a Venetian
blind. Like a Venetian blind, it allows light to pass through it
when the light is travelling in a direction 3 parallel or nearly
parallel to the layers, but absorbs light travelling at large
angles 4 to the plane of the layers. These layers 1, 2 may be
perpendicular to the surface of the film or at some other angle.
Methods for the production of such films are disclosed in
USRE27617, U.S. Pat. Nos. 4,766,023 and 4,764,410.

Other methods exist for making films with similar proper-
ties to the louvred film, for example, as disclosed in U.S. Pat.
Nos. 5,147,716 and 5,528,319.

U.S. Pat.No. 6,239,853 discloses a privacy device based on
a different principle. The device is shown in FIG. 2 of the
accompanying drawings and comprises two linear polariser
sheets 5, 6 whose transmission axes 7, 8 are orthogonal.
Between the sheets 5, 6 are two layers 9, 10, each of which
comprises alternating stripes of isotropic material 11 and
half-wave retarder 12. The layers 9, 10 are arranged so that
any ray of light passing through the device in the direction
perpendicular to its plane passes through exactly one half-
wave retarder 12. The device is therefore substantially trans-
parent to such rays (except for any absorption in the first
polariser). If the device is placed on the front of a flat-panel
display, then a viewer on the central axis will be able to read
the display.

As the viewer moves to the left or right, a proportion of rays
which would otherwise have reached the viewer passes
through either no or two retarders 12, and so is absorbed. The
device therefore partially obscures the display to off-axis
viewers and provides privacy.

This device has the following disadvantages. It requires
four extra layers, adding considerably to the cost and bulk of
the display. It is not switchable to a public mode. As the user’s
head moves further to the side, past the point where all light is
blocked, the display becomes visible again. In fact, light is
completely blocked to viewers only at isolated points on a
left-right axis.

15

20

25

40

55

60

65

2

A different method for restricting the viewing angle of a
display is described in ‘Secure information display with lim-
ited viewing zone by use of multi-color visual cryptography’,
H. Yamamoto et al, Optics Express v12, pp 1258-1270 (2004)
and ‘Use of visual cryptography to limit viewing zone of
information display’, H. Yamamoto et al, Proceedings of the
10th International Display Workshops (Fukuoka, Japan,
2003), paper VHF3-2.

The method is known as ‘visual cryptography’. The pixels
of a display panel are divided into groups. In the example
shown in FIG. 3 of the accompanying drawings, the display is
monochrome and each group 1s a square of four pixels. One
such square is indicated by a circle at (b). A mask shown at (c)
is placed in front of the display and separated from it by a
small distance. The portion of the mask in front of each pixel
group contains a pattern which obscures two of the four pixels
in the group. The six possible patterns are shown at (a). The
choice of which pixels are obscured in each group is made
randomly when the mask is designed.

An image which is to be displayed on the device (in this
case, a letter “X’) is shown at (b). The image data sent to the
display panel is shown at (d). Again, one of the six possible
patterns at (a) is displayed in each group of four pixels. The
choice is made so that two white pixels are visible in each
group which is white in the intended image, and no white
pixels are visible in each group which is black in the intended
image. When the panel is viewed through the mask, a viewer
in the central viewing position sees exactly two of the pixels
in each group of four. For white groups in the “X’, these pixels
are white but, for black groups in the ‘X’, these pixels are
dark.

How the panel appears through the mask to a viewer in the
central position is shown at (e). The ‘X’ is visible with con-
siderable loss in image quality and brightness. When the
user’s head moves away from the central position, parallax
causes different pixels to be exposed and the viewer sees a
random dot pattern, for example as shown at (f).

This method provides privacy, but has a number of disad-
vantages. The brightness of the display 1s reduced because the
mask absorbs half the light reaching it. The effective number
of pixels in the display is halved. Also the random mask
pattern causes the display to have a mottled appearance.

The method may be extended to colour displays, as
described in the first paper mentioned above, but the disad-
vantages remain in this case.

Visual cryptography devices have a second application.
Because the image on a display is intelligible only when the
mask is present, the mask may function as a key in a crypto-
graphic system. For example, the data to be displayed on the
display panel may be sent by a transmission channel which
has no security, such as a television broadcast, while the
amplitude mask is possessed only by the intended receiver of
the information.

There are also some applications where auser wishes to use
a non-secure terminal to view information from a secure
information source. For example, a user may wish to use a
computer owned by a third party (for example, in a hotel or in
some public place) to access bank account details. In this
situation, it is useful to send an encrypted image to a display
which can be read only when the user places a mask over the
display. The ‘visual cryptography’ scheme may be used for
this application if the user carries the mask.

The devices described above may be placed either in front
ofadisplay panel or between atransmissive display panel and
its backlight to restrict the range of angles from which the
display can be viewed. In other words, they make a display
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‘private’. However none of them gives a method by which the
privacy function can be switched off to allow viewing from a
wide range of angles.

US 2002/0158967 shows how a light control film can be
mounted on a display so that the light control film can be
moved over the front of the display to give a private mode or
mechanically retracted into a holder behind or beside the
display to give a public mode. This method has the disadvan-
tages that it contains moving parts which may fail or be
damaged and that it adds bulk to the display.

A method for switching from public to private mode with
no moving parts is to mount a light control film behind the
display panel and to place a diffuser which can be electroni-
cally switched on and off between the light control film and
the panel. When the diffuser is inactive, the light control film
restricts the range of viewing angles and the display is in
private mode. When the diffuser is switched on, it causes light
travelling at a wide range of angles to pass through the panel
and the display is in public mode. It is also possible to mount
the light control film in front of the panel and place the
switchable diffuser in front of the light control film to achieve
the same effect.

Switchable privacy devices of these types are disclosed in
U.S. Pat. Nos. 5,831,698, 6,211,930 and 5,877,829. They
share the disadvantage that the light control film always
absorbs a significant fraction of the light incident upon it,
whether the display is in public or private mode. The display
is therefore inefficient in its use of light. Since the diffuser
spreads light through a wide range of angles in the public
mode, these displays are also dimmer in public than in private
mode unless the backlight is made brighter to compensate.

Another disadvantage relates to the power consumption of
these devices. In the public mode of operation, the diffuser is
switched off. This often means that voltage is applied to a
switchable polymer-dispersed liquid crystal diffuser. More
power is therefore consumed in the public mode than in the
private mode. This is a disadvantage for mobile devices which
are used for most of the time in the public mode and which
have limited battery power.

A third known method for making a switchable public/
private display is disclosed in U.S. Pat. No. 5,825,436. The
light control device in this patent is similar in structure to the
louvred film described earlier. However, each opaque element
in the louvred film is replaced by a liquid crystal cell which
can be electronically switched from an opaque state to a
transparent state. The light control device is placed in front of
or behind a display panel. When the cells are opaque, the
display is in its private mode; when the cells are transparent,
the display is in its public mode.

A first disadvantage of this method is in the difficulty and
expense of manufacturing liquid crystal cells with an appro-
priate shape. A second disadvantage is that, in the private
mode, a ray of light may enter at an angle such that it passes
first through the transparent material and then through part of
a liquid crystal cell. Such a ray will not be completely
absorbed by the liquid crystal cell and this may reduce the
privacy of the device.

Another method for making a switchable public/private
display device is disclosed in JP2003-233074. This device
uses an additional liquid crystal panel which is segmented.
Different segments of the panel modify the viewing charac-
teristics of different areas of the display in different ways,
with the result that the whole display panel is fully readable
only from a central position. In particular, the additional
liquid crystal layer is segmented into two sets of regions. The
liquid crystal is aligned differently in the two sets of regions
so that, for a part of the main LCD panel viewed through
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regions in the first set, brightness decreases sharply as the
viewer moves to the left. This decrease in brightness happens
because, when light passes through a cell in the additional
layer at an angle to the normal, the angle between the electric
field vector and the LC director is different from that for rays
passing through in the normal direction and so the polarisa-
tion changes in a different way. Similarly, when part of the
main LCD panel is viewed through a region in the second set,
the brightness decreases sharply as the viewer moves to the
right. Changes in the display appearance as the user moves are
therefore due to angle-dependence in the polarisation-modi-
fying characteristics of the layer.

A disadvantage of this method is that the whole of the
display is never obscured, so the privacy provided is not
complete. Because of this limitation, the level of privacy for
images or for text in large font sizes is not good.

A disadvantage of nearly all previously known privacy
devices is that they are less effective under very low ambient
light conditions. The only exception to this rule is the ‘visual
cryptography’ method. All other previously known methods
rely on preventing light from reaching unwanted viewers.
Any method of doing this leaks a small amount of light,
especially in areas close to the boundary between the
excluded and permitted viewing zones. Under very low ambi-
ent lighting, unwanted viewers may be able to perceive this
light and therefore read the display.

Autostereoscopic displays achieve a three-dimensional
stereo effect by allowing the left eye of the user to see one
image while the right eye sees another without the user wear-
ing specially designed glasses. One widely-used method for
electronic displays is the parallax barrier described, for
example, in the book ‘Stereoscopy’ by N. A. Valyus (Focal
Press, 1966), where a screen with opaque and transparent
portions is placed close to the display panel, either in front or
behind. When the user is in the correct position, the screen
prevents light passing through some of the pixels of the dis-
play from being seen by the left eye and prevents light passing
through the rest of the pixels from being seen by the right eye.

When ordinary (two-dimensional) images are shown on
such a display, it is useful to switch the parallax barrier off,
that 1s, make the entire barrier transparent. One method for
achieving this is disclosed in U.S. Pat. No. 6,055,103 and
EP0887666. The method uses a patterned retarder, which
cannot be switched on and off, and a single switchable wave-
plate.

Such a switchable parallax barrier is illustrated in FIG. 4 of
the accompanying drawings and comprises an input polariser
20 whose transmission axis 21 is oriented at 0°. A patterned
half wave-plate 22 comprises regions A whose optic axes are
oriented at 45° to the axis 21 whereas regions B have optic
axes oriented parallel to the axis 21. A uniform switchable
half wave-plate 23 is switchable between the state illustrated
in FIG. 4 with its optic axes 24 oriented at 22.5° to the axis 21
and another state in which the half wave-plate is effectively
disabled. An output polariser 25 has its transmission axis 26
oriented at 90° to the axis 21. The switchable parallax barrier
may be disposed in front of or behind a display panel to permit
switching between an autostereoscopic 3D mode and a 2D or
single view mode.

When the switchable wave-plate 23 is switched off, the
parallax barrier is in its ‘on’ state. Light 27 passing through
the lower polariser is linearly polarised with its electric field
direction at 0 degrees. Those rays which pass through the
regions A of the wave-plate have their plane of polarisation
rotated so that the electric field direction on leaving the wave-
plate 22 is 90 degrees. Rays passing through the regions B of
the wave-plate 22 are unchanged in polarisation. The switch-
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able wave-plate 23 has no effect in this state, so rays which
pass through regions B are absorbed by the upper polariser
25, and rays which pass through regions A are transmitted.
The structure therefore acts as a parallax barrier with regions
A being transparent and regions B being opaque.

When the wave-plate is switched on, light passing through
both sections A and B has its plane of polarisation rotated by
the uniform half-wave plate 23 so that, when it reaches the
upper polariser 25, its electric field direction forms an angle
of 45 degrees with the transmission axis 26 of the polariser 25.
The intensity of transmission through sections A and B is
therefore the same and the parallax barrier is switched off.

Patterned wave-plates as used in this device can be made in
anumber of ways using polymerisable liquid crystals, includ-
ing the chemicals known as ‘reactive mesogens’. Details of
their fabrication are disclosed in U.S. Pat. No. 6,055,103,
EP0887666, U.S. Pat. No. 6,624,863 and EP0887667.
EP1047964 discloses details of refinements using multiple
retarder layers to improve the variation of properties of the
retarders with wavelength.

SUMMARY

According to the invention, there is provided a display
comprising: a polarisation modulating layer having a plural-
ity of pixels; a first polariser disposed at a side of a display
surface of the polarisation modulating layer; a source of light
disposed at a side of a back of the polarisation modulating
layer; and a polarisation modifying layer disposed between
the source of light and the first polariser and spaced from the
polarisation modulating layer. The polarisation modifying
layer has at least a first region and a second region. The
polarisation modulating layer includes a single pixel or a
plurality of pixels and has a first pixel associated with the first
region and a second pixel associated with the second region.
Ineach of afirst set including the first pixel and the first region
and a second set including the second pixel and the second
region, each region of the polarisation modulating layer has a
same polarisation effect. Between different sets, such as a set
including the first pixel and the second region or a set includ-
ing the second pixel and the first region, each region of the
polarisation modulating layer has a different polarisation
effect.

The display may further comprise a second polariser
between the polarisation modulating layer and the source of
light.

The polarisation modulating layer may comprise a liquid
crystal layer.

The first region of the polarisation modifying layer may
have substantially no polarisation modifying effect.

The second region of the polarisation modifying layer may
be arranged to change a polarisation of light passing there-
through by 90°. The second region of the polarisation modi-
fying layer may comprise a polarisation rotator, such as a
twisted nematic liquid crystal polarisation rotator.

The display may further comprise a controller arranged to
supply, to each pixel, image data modified so as to compen-
sate for the polarisation modifying effect of the polarisation
modifying layer. The controller may be arranged to supply, to
each pixel, image data representing a difference between a
pixel polarisation change for selecting a desired pixel grey
level and a polarisation change produced by the polarisation
modifying layer.

The display may provide a private viewing mode in which
visibility of a displayed image is restricted to a limited region
of space sufficient only for a viewer to view the image. The
modifying layer may be disablable to provide a public view-
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ing mode in which the displayed image is visible throughout
an extended region of space larger than the limited region. In
the public viewing mode, the regions of all of the sets may be
arranged to have substantially the same polarisation modify-
ing effect, such as substantially no polarisation modifying
effect.

The polarisation modifying layer may comprise a liquid
crystal layer. The second region of the polarisation modifying
layer may comprise a Freedericksz cell with an alignment
direction oriented at substantially 45° to a transmission axis
of the first polariser. The first region of the polarisation modi-
fying layer may comprise a Freedericksz cell with an align-
ment direction oriented substantially parallel to a transmis-
sion axis of the first polariser.

The polarisation modifying layer may comprise a pat-
terned electrode defining the regions. The polarisation modi-
fying layer may comprise a Freedericksz cell, a twisted nem-
atic layer or a twisted vertically aligned nematic layer.

The polarisation modulating layer may be arranged to out-
put light of substantially linear polarisation for all pixel grey
levels. The polarisation modifving layer may comprise a half
wave-plate with optic axes which are differently oriented in
the regions of the different sets. The modifying layer may be
disposed between the polarisation modulating layer and a
uniform switchable wave-plate. The polarisation modulating
layer may be of an in-plane switching liquid crystal type.

The polarisation modulating layer may be a liquid crystal
switchable between substantially vertical and substantially
horizontal alignments. The regions of the different sets may
provide different retardations.

The pixels of the polarisation modulating layer may be
arranged as composite colour groups repeating in a row direc-
tion of the display. Each of the regions may be aligned in a
viewing direction with a set of the composite colour groups
with at least one pixel at each end of the set of composite
colour groups being arranged to display a fixed brightness.
The fixed brightness may be substantially equal to 50% of the
maximum brightness. The at least one pixel may comprise a
blue pixel, red and blue pixels, or a composite colour group.

The display may provide an optical decoding mode for
viewing encoded image data. The modifying layer may be
disablable to provide a plain viewing mode for viewing non-
encoded image data.

Such a display may be enbodied with only a single optical
layer additional to that required for a non-restricted viewing
mode so that the display may be relatively thin and the cost of
manufacture is relatively low. When used to provide a private
viewing mode, privacy is maintained even under relatively
low ambient lighting conditions so that it is possible to avoid
the disadvantage of many known types of privacy displays, in
which leakage of light may make the display readable from a
wider range of angles than desired. For displays which are
switchable between public and private viewing modes, the
brightnesses of both modes are essentially the same.

The polarisation modifying layer may further comprise a
third region. The polarisation modulating layer includes a
single pixel or a plurality of pixels and has a third pixel
associated with the third region. The display may comprise a
third set including the third pixel and the third region.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1 and 2 are diagrams illustrating known types of
privacy displays;
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FIG. 3 is a diagram illustrating a known technique for
providing visual cryptography;

FIG. 4 is a diagram illustrating a known type of switchable
parallax barrier for an autostereoscopic display;

FIG. 5 is a cross-sectional diagram illustrating a display
constituting an embodiment of the invention;

FIG. 6 is a diagram illustrating operation of a display of the
type shown in FIG. 5;

FIG. 7 is a diagram illustrating viewpoint correction;

FIG. 8 is a diagram illustrating the arrangement of colour
pixels for providing increased viewing angle;

FIG. 9 is a cross-sectional diagram illustrating a display
constituting an embodiment of the invention;

FIG. 10 is a diagram illustrating operation of the display of
FIG. 9;

FIG. 11 is a cross-sectional diagram illustrating a display
constituting an embodiment of the invention;

FIG. 12 is a diagram illustrating viewing angle in a private
viewing mode of the display of FIG. 12;

FIG. 13 is a diagram illustrating a display constituting an
embodiment of the invention;

FIG. 14 is a diagram illustrating a display constituting an
embodiment of the invention;

FIG. 15 is a diagram illustrating the use of compensation
films; and

FIG. 16 is a diagram illustrating various pixel shapes.

Like reference numerals refer to like parts throughout the
drawings.

DETAILED DESCRIPTION

The display shown in FIG. 5 comprises a liquid crystal
display panel 30 of the transmissive type and a backlight 31.
The display comprises an input polariser (a second polariser)
32 and an output polariser (a first polariser) 33, whose trans-
mission axes are oriented appropriately for the specific type
of display panel. For example, the transmission axes may be
oriented substantially at 90° to each other. As an alternative,
where the backlight 31 supplies linearly polarised light, the
polariser 32 may be omitted.

A liquid crystal layer forming display pixels 34 is disposed
between the polarisers 32 and 33. The display pixels 34 may
of any suitable type for modulating the polarisation of light
from the polariser 32 in accordance with image data supplied
by a controller 35. Other elements, such as substrates, align-
ment layers, electrode layers and colour filters, may be
present as appropriate but are not shown in FIG. 5 for the sake
of simplicity of illustration. The display pixels 34 thus form a
pixellated polarisation modulating layer controlled by the
controller 35 so as to convert image grey scale data (either
monochrome or colour) into a polarisation modulating effect
for modulating the polarisation of light incident from the
polariser 32.

A polarisation modifying layer 36 is disposed between the
polarisers 32 and 33 and is spaced from the display pixel layer
34 by a distance h. The layer 36 is illustrated as being dis-
posed between the display pixel layer 34 and the output
polariser 33 but may alternatively be disposed between the
pixel layer 34 and the input polariser 32. Further elements
such as birefringent compensation films may also be provided
but are not shown in FIG. 5 for the sake of simplicity.

The polarisation modifying layer 36 comprises a plurality
of sets of regions with the regions of the different sets being
arranged as a one-dimensional or two-dimensional array. In
the embodiment illustrated in FIG. 5, there are three sets of
regions with regions from the first, second and third sets being
illustrated at 37, 38 and 39, respectively. The sets of each
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region have the same polarisation modifying effect on light
from the display pixels 34 but the sets of different regions
have different modifying effects. The part of the display
between the layers 34 and 36 does not contain any means for
polarising light and may therefore be described as a polariser-
free light path.

Although three sets of regions 37-39 are illustrated in FIG.
5, the display may comprise any number of sets of regions
greater than one. The regions of one of the sets may be
arranged substantially not to have any polarisation modifying
effect on light from the display pixels 34. In order to provide
a public viewing mode, the polarisation modifying layer 36
may be disablable. In such a public mode, the regions 37-39
of the different sets are arranged to have substantially the
same polarisation modifying effect, which may be substan-
tially no polarisation modifying effect, on light from the
display pixels 34.

In the private viewing mode, the display 30 limits the
visibility of an image displayed by the display pixels 34 to a
relatively narrow viewing angle sufficient for a viewer who is
correctly positioned to see the image but sufficiently narrow
substantially to prevent others from seeing the image. Light
from the backlight 33 passing through the display 30 must
pass through one of the pixels of the layer 34 and through one
of the regions 37-39 of the layer 36. Any polarisation modi-
fication by the region of the layer 36 affects the apparent
brightness of the underlying pixels when viewed through that
region. Also, the brightness of any pixel of the layer 34
depends on the type of region 37-39 (i.e. to which set it
belongs) through which it is viewed so the pixel brightness
depends on the position of the viewer.

The display 30 may be arranged to be viewed from any
desired viewing direction in the private viewing mode.
Although private viewing will frequently be required from a
central position such that the viewer is located substantially
on or near a line perpendicular to the centre of (“the normal
to”) the display, other applications may require a different
viewing direction in the private viewing mode. For example,
if the display is used in an automotive vehicle and located in
a dashboard between a driver position and a passenger posi-
tion, the viewing angle may be required to be such that the
display may only be viewed by the passenger in the private
viewing mode, for example so as to avoid distracting the
driver or so as to meet legal requirements. The viewing direc-
tion will then be at an acute angle to the normal to the display.

In the private viewing mode, the controller 35 controls the
display pixels 34 by supplying data which are modified to
compensate for the effect of the region of the layer 36 through
which the pixels are intended to be viewed. Each region 37-39
is associated with a group of pixels, which group may com-
prise a single pixel or a plurality of pixels. In the example
illustrated in FIG. 5, each region such as 38 is aligned and
associated with two pixels such as 40 and 41. The image pixel
data to be displayed by the pixels 40 and 41 are thus modified
by the controller 35 so as to compensate for the polarisation
modifying effect of the region 38 in order for the displayed
image to be visible to a viewer located at or adjacent the
normal to the display. For example, the controller 35 controls
the pixels 40 and 41 to provide a change in polarisation
corresponding to the difference between polarisation change
which would be required in the absence of the polarisation
modifying layer 38 and the polarisation change produced by
the region 38. Thus, a viewer viewing the display from a
position normal to the display centre sees an uncorrupted
image within a restricted region of space.
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Because of the separation h between the layers 34 and 36,
off-axis viewing of the display results in parallax effects, for
example with the pixels 40 and 41 being viewed through the
region 37. The compensation of the image data provided by
the controller 35 is inappropriate to the polarisation modify-
ing effect produced by the region 37 so that the image dis-
played in that viewing direction is corrupted in such a way
that it is not visible. In particular, the regions 37 to 39 are
arranged such that images, such as text, viewed from direc-
tions away from the normal to the display are unreadable. It is
thus possible to provide a display with a private viewing mode
requiring a single additional layer 36 (with associated ele-
ments) and capable of maintaining unreadability outside the
private viewing region, even in low ambient lighting condi-
tions.

Although the layer 36 may be passive so that its polarisa-
tion modifying effects arealways present, the layer 36 may be
disablable in order to permit switching between public and
private viewing modes. When the layer 36 is disabled, it
provides a uniform, preferably zero, polarisation modifying
effect. The controller 35 supplies uncompensated image data
to the display pixels 35 (or provides uniform compensation to
all pixels for the residual effects of the layer 36). The modi-
fying layer 36 thus has substantially no effect and the dis-
played image is visible throughout a wider range of viewing
angles and viewer positions.

An example of the display shown in FIG. 5 but comprising
two sets of regions is illustrated in FIG. 6. One set of regions
is referred to as “non-inverting” and these regions have sub-
stantially no effect on the polarisation of light passing there-
through. Such a region is illustrated by the unoccupied
squares such as 45 at (a) in FIG. 6. Other regions referred to
as “inverting” have the effect of converting vertically
polarised light to horizontally polarised light and of convert-
ing horizontally polarised light to vertically polarised light.
Such a region is illustrated at 46 as a square containing a
curved arrow and may, for example, be embodied by a half
wave retarder or by a twisted nematic liquid crystal cell. An
advantage of using a polarisation modifying layer 36 having
only two sets of regions is that fabrication; is simpler and a
wide range of well-developed liquid crystal technologies may
be used. Also, the liquid crystal mode used in the modifying
layer 36 is independent of the liquid crystal mode used in the
display pixels 34. In the example illustrated in FIG. 6, it is
intended to display the character “X” in black against a white
background. The pattern of the array of regions 45 and 46 of
the two sets illustrated at (a) is chosen so as to “scramble” the
image appropriately when viewed off-axis relative to the dis-
play. For example, the pattern may be determined by allowing
arandom number generator to choose independently whether
each element is inverting or non-inverting, each choice being
given probability 0.5. The pattern of inverting and non-invert-
ing elements must then be stored for use in displaying the
image, as described below. To avoid the need for large
amounts of storage, the pattern ofa small area of the layer (for
example, the 5x5 area shown in the diagram) may be deter-
mined randomly, and this small area may be repeated to cover
the entire area of the display.

In order to compensate for the inverting regions such as 46
when the display is viewed on-axis, the controller 35 modifies
the image data so that, in the absence of the polarisation
modifying layer 36, the display would appear as illustrated at
(b) in FIG. 6. This results in the image having the appearance
illustrated at (c) in FIG. 6 when viewed on-axis. However,
when the display is viewed off-axis as illustrated at (d) in FIG.
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6, it has the appearance illustrated so that the image is cor-
rupted and the viewer cannot read the “X” which is intended
to be displayed.

If more than two sets of regions are used in the modifying
layer 36, the effect of the different sets is not limited to either
inverting a pixel or leaving it unchanged but includes other
possible effects on the displayed grey scale. This has the
advantage of improving the level of privacy. For example, in
the case of an image comprising black letters on a 50% grey
background, where the regions of the different sets invert or
leave unchanged the polarisation, viewers outside the
intended viewing region in the private viewing mode see the
pixels displaying the letter as 50% grey whereas the back-
ground appears as a black and white pattern. The letter may
therefore be readable outside the intended viewing region. By
providing more that two sets of regions with different modi-
fying effects, this may be avoided.

The pattern of regions illustrated at (a) in FIG. 6 may be
repeated across the display so as to cover the entire display
area.

In order for a viewer at a finite distance r to see the display
pixel 34 correctly aligned with the regions of the modifying
layer 36, the width p of the regions must be different from the
pitch A of the pixels or groups of pixels as illustrated in FIG.
7. This requirement, which is known as “viewpoint correc-
tion”, is well known for parallax barriers as used in 3D dis-
plays and in cathode-ray tube displays and is disclosed, for
example, by S. H. Kaplan, “Theory of Parallax Barriers”,
Journal of the SMPTE, vol 59, pp 11-21 (1952). When the
layers 34 and 36 are separated by a medium, such as glass 42,
having a refractive index n and a thickness h, the ratio of the
width p of the regions of the layers 36 and the pitch A of the
pixels or pixel groups of the layer 34 is given by

and

where the layer 34 is between the layer 36 and the viewer 43.

The layer 36 may be made from liquid crystal in a number
of different ways. For example, a Freedericksz cell may be
used. In this liquid crystal mode (see, for example, Liquid
Crystal Displays: Addressing Schemes and Electro-optic
Effects, by Ernst Lueder (Wiley-SID Series in Display Tech-
nology, 2001)), molecules are aligned horizontally when no
field is applied, and the liquid crystal cell is a half-wave plate.
When a field is applied, the molecules are oriented vertically
(perpendicular to the plane of the panel) and there is no
retardance.

In inverting regions, the alignment direction is at 45
degrees to the transmission axes of the polarisers. A half-
wave cell with this orientation changes the polarisation state
of light passing through it so that horizontally (0 degrees)
polarised light becomes vertically polarised and vertically
(90 degrees) polarised light becomes horizontally polarised.
In non-inverting regions, the alignment direction may be par-
allel to the transmission axis of one of the polarisers. In this
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case, horizontally polarised light remains horizontally
polarised and vertically polarised light remains vertically
polarised. The non-inverting regions then have no effect on
the brightness of pixels viewed through them.

This arrangement has the advantage that the layer can be
fabricated using known methods for patterning the alignment
layer of aliquid crystal cell. These are described, for example,
in U.S. Pat. No. 6,055,103, EP0887666, U.S. Pat. No. 6,624,
863, EP0887667 and US patent application US20030137626
(M. Khazova; Sharp K. K. 2003).

Alternatively, non-inverting regions may contain a trans-
parent material that is not birefringent in place of the liquid
crystal. This has the advantage that the non-transparent
regions may be made by patterning a photo-resist layer using
methods that are well known (see, for example, Microfabri-
cation, by S. Franssila: Wiley (2004)).

Alternatively, the entire additional layer may consist of a
Freedericksz cell with the alignment direction at45 degrees to
the polarisation axis. In this case, the electrode on one side of
the cell is patterned so that voltage is applied at all times to the
non-inverting regions. Voltage is not applied to the inverting
regions when the display is in its private mode. When the
display is switched to its public mode, voltage is applied to all
regions. This has the advantage that only patterning of the
electrode is required; this is a simpler process than processing
of a resist layer or of a multi-direction alignment layer.

Instead of the Freedericksz mode, the well-known twisted
nematic (TN) mode may be used (see, for example, Liquid
Crystal Displays: Addressing Schemes and Electro-optic
Effects, by Ernst Lueder (Wiley-SID Series in Display Tech-
nology, 2001)). The effect of the TN cell is to rotate the plane
of polarisation of light so that the pixel is inverted as above.
For example, a 90° polarisation rotation may be obtained for
any twist angle of the liquid crystal (see, for example,
GB2390170). When voltage is applied to the cell, the effect is
switched off. Ifa TN cell is used, non-inverting regions may
either be non-birefringent material or be switched to the non-
inverting state by applying voltage, as described above for the
Freedericksz mode, with the advantages as described above.

The 90-degree TN mode has the advantages thatithas been
highly developed for other display applications and that it can
be operated in regimes where it is substantially achromatic, so
that problems with colour in the display are avoided.
Examples of such regimes are the first few Gooch-Tarry
minima and the Mauguin limit. Details of these regimes are
given, for example, by P. Yeh and C. Gu in Optics of liquid
crystal displays (Wiley 1999).

Alternatively, the twisted vertically-aligned nematic
(T-VAN) mode may be used. This mode is described in
EP1103840. In this case, the liquid crystal cell has a twisted
structure and rotates the polarisation state when voltage is
applied and is vertically aligned and does not affect polarisa-
tion when no voltage is applied. The polarisation modifying
layer 36 therefore consumes electrical power in the private
mode and not in the public mode. This is an advantage for
portable devices where power economy is important and the
device is used more often in its public mode than in its private
mode.

The examples of liquid crystal modes given above are for
the case where the layer 36 has two sets of regions: inverting
and non-inverting.

Liquid crystal cells may also be used to provide a layer 36
with more than two sets of regions. However in this case, only
certain types of liquid crystal display layers 34 may be used.
All these methods have the advantage that the level of privacy
provided is high: for example the black and grey image
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described above will appear unreadable to unwanted viewers
because not all regions map 50% grey pixels to 50% grey
pixels.

In a first method of this type, the display pixel 34 must be
of a type in which the light exiting the liquid crystal layer has
a polarisation state which is linear or close to linear for every
greyscale setting. An example of such a display panel is one
using the in-plane switching mode (M. Oh-e et al, Digest Asia
display 1995 p. 577, M. Ohta et al, Digest Asia display 1995
p. 68). The layer 36 comprises a number of regions, each of
which is a liquid-crystal half-wave plate. The orientations of
the principal axes of the wave-plates vary among the sets of
regions. As before, the data sent to the pixels 34 is modified by
the controller 35 to compensate for the effect of the regions
through which pixels are seen by a centrally located viewer
and parallax effects cause the image to appear corrupted to
off-axis viewers.

In a second method of this type, the display panel 30 is one
in which each liquid crystal pixel may be switched between a
state where it is largely vertically aligned and a state where it
is horizontally aligned and forms a half-wave retarder.
Examples of such modes are the Freedericksz mode, the
vertically aligned nematic (VAN) mode and the pi cell.
Details of these modes are given, for example, in the book by
Yeh and Gu mentioned above. In this method, the layer 36
comprises regions which have varying retardation but share
the same principal axis.

This may be achieved by a layer 36 which comprises a
nematic liquid crystal cell. A patterned alignment layer pro-
vides a vertical alignment angle (also known as the pre-tilt
angle) that varies among the regions of the layer 36. The
azimuthal angle (the projection of the alignment direction
into the plane of the display) is the same for all regions. The
cell gap is set so that, when the pre-tilt angle is close to zero,
the cell is a half-wave retarder. Larger values of the pre-tilt
angle result in smaller retardation: for example a 60 degree tilt
may give a quarter-wave retarder and a 90-degree tilt a layer
with no retarding effect. Again, data sent to the display panel
30 by the controller 35 takes account of the effect of the layer
36 for a centrally located viewer.

In an alternative arrangement, also making use of the same
range of display panel types, the layer 36 again comprises
regions which have varying retardation. The principal axes of
all the regions is the same. All regions are liquid crystal cells
with the same alignment direction, but with differing thick-
nesses.

In a further alternative arrangement, also making use of the
same range of display panel types, the layer 36 again com-
prises regions which have varying retardation and the same
principal axis. All regions have the same thickness and all are
half-wave retarders when no voltage is applied. In the private
mode, the voltage applied to cells varies among the regions
and this causes the retardation to vary among the regions.

This does not exhaust the possible liquid crystal modes
which may be used in the polarisation-modifying layer 36.
Many other modes are well known and might equally be
applied (see, for example, the books by Lueder and by Yeh
and Gu mentioned above).

The thickness of the liquid crystal cell in the layer 34 may
be chosen so that each pixel can switch between values of
retardation from zero up to a value greater than half a wave-
length (for example, a whole wavelength). The advantage of
this modification is that it increases the range of grey levels
which can be reached in the private mode.

Some liquid crystal modes may not perform in exactly the
same way for all wavelengths of visible light either in the
public or the private modes. The data sent to the display may
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be adjusted to compensate for these differences. For example,
a different look-up table (i.e. a different assignment of volt-
ages to greyscales) may be used for different coloured pixels.

In addition to the polarisation-modifying layer 36, addi-
tional layers of birefringent material may be applied to act as
compensation films 70 to 76, as shown in FIG. 15. The con-
cept of acompensation film is well known in the field of liquid
crystal displays (P. Yeh and C. Gu, Optics of liquid crystal
displays (Wiley 1999; U.S. Pat. No. 5,196,953)). The bire-
fringence of the compensation films 70, 73 shown at (a) in
FIG. 15 cancels the birefringence of the bulk 77 of the polari-
sation-modifving layer 36 in the switched state and the per-
formance at higher viewing angles is greatly improved. The
birefringent layers 71 and 72 may also be added to compen-
sate for the layers, such as 78 of liquid crystal close to the
interface, which remain horizontally aligned. This further
improves off-axis performance (see Yeh and Gu). As shown at
(b) in FIG. 15, the additional 1ayers 74 to 76 may be arranged
between the polarisation-modifying layer 36 and the linear
polariser (33) closer to it. The advantage of this arrangement
is that it minimises the separation h between the polarisation-
modifying layer 36 and the display pixels 34, and so maxi-
mises the viewing angle of the display in its private mode.

An issue which may arise is that, with the pixel size and
glass thickness of a typical display, the range of angles from
which the display can be read in its private modeis very small,
in fact, not large enough to accommodate both eyes of the
viewer. Two possible methods of dealing with this will be
described.

The first method is used for colour displays where the
pixels are arranged in sets of three colour sub-pixels, with a
red (R), a green (G) and a blue (B) pixel in each set, as shown
at (a) in FIG. 8. This can be used only in the case where the
regions in the layer 36 are of two types, namely inverting and
non-inverting.

The method takes advantage of two facts. Firstly, if a dis-
play pixel is set to approximately 50% brightness, then its
appearance is the same through inverting and non-inverting
regions. Secondly, the human visual system is less sensitive to
fine detail in blue than in other colours (see J. S. Wolffsohn et
al, ‘Contrast is enhanced by yellow lenses because of selec-
tive reduction of short-wavelength light” Optometry and
Vision Science vol 77(2) pp 73-81 (2000), R. Martin et al,
‘Detectability of reduced blue pixel count in projection dis-
plays’, Proceedings of the Society for Information Display,
vol 24, pp 606-609 (1993), WO 02/091299).

In the private mode, half the blue pixels, namely those
marked ‘H’ at (b) in FIG. 8, are set to 50% brightness. Each
inverting or non-inverting region in the display covers six
colour sub-pixels. When the viewer is in the central position,
the left- and right-hand edges of the regions are located over
the centres of the blue 50% pixels, as shown at (c) in FIG. 8.

From this starting point, if the viewing position moves to
the left or to the right, there is no change in the appearance of
the display. This is because the only pixels moving from
inverting to non-inverting regions are at 50% brightness and
so have unchanged appearance. For example, if the user’s
head moves far enough to the left so that the display appears
as shown at (d) in FIG. 8, the apparent colours of all areas of
the display are the same as at (c). The appearance of the
display changes only when the viewpoint moves far enough
so that the apparent position of the boundaries between
inverting and non-inverting regions has shifted into pixels
which are not at 50% brightness.

This scheme has the advantage that the region from which
the display is clear is enlarged so that a user can see it with
both eyes at the same time. Because only half the blue pixels
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are used to carry information, the effective resolution of the
display for blue detail is halved. However, this is typically not
noticeable because of the eye’s lower acuity in the blue.

In the description above, one blue pixel in two was set at
50% to increase viewing freedom. It is also possible to use
one blue pixel in three or more, depending on the resolution of
the display panel and the viewing angles required. Other
combinations of colour pixels may also be used. For example
a blue and a red pixel every six colour sub-pixels may be set
to 50%. Alternatively, a set of three colour sub-pixels,
together forming a composite colour or ‘white’ pixel group
may be set to 50%. This last option has the advantage of
leaving the colour balance of the display unaffected.

A second method of increasing the display viewing angle is
applicable only when the original display has a particular
property. The polarisation state of light as it exits the liquid
crystal (before it passes through the exit polariser) must be
linear. An example of a liquid crystal mode having this prop-
erty is the in-plane switching mode used in some liquid crys-
tal televisions (see the book by Lueder for details).

An example of a display using this method is illustrated in
FIG. 9. The polarisation modifying layer 36 comprises fixed
retarders and is disposed together with the liquid crystal dis-
play pixel layer 34 between glass substrates 45 and 46. The
layers 34 and 36 are separated by a spacing layer 47 to provide
the separation h.

A further device is disposed between the glass substrate 46
and the polariser 33 and comprises a uniform switching wave
plate 50 disposed between further glass substrates 48 and 49.

The structure and operation of a display of this type is
illustrated in FIG. 10. The polarisers 32 and 33 have orthogo-
nal transmission axes. The layer 36 comprises isotropic
regions such as 36a and half wave plates such as 360 whose
axes are oriented at 45° to the polariser transmission axes.
Pixels such as 344 aligned with the wave plates 365 are
supplied with “inverted data” to compensate for the effect of
the wave plate in the privacy mode.

The uniform wave plate 50, when switched on, has an optic
axis oriented at 22.5° to the transmission axis of the polariser
32. When the wave plate 50 is switched off, it has substan-
tially no optical effect.

As shown at (a) in FIG. 10, when the wave plate 50 is
switched off, the display operates inthe private viewing mode
as described hereinbefore. As illustrated at (b) in FIG. 10,
when the wave plate 50 is switched on, the display operates in
the public mode. The distance h between the layers 34 and 36
determines the viewing angle in the private viewing mode
whereas the distance from the wave plate 50 to the other
layers is not relevant to this and may be arbitrarily chosen, for
example, to accommodate the two substrates 46 and 48 as
shown in FIG. 9. By using a relatively thin spacing layer 47,
the distance h between the layers 34 and 36 may be reduced so
as to increase the angle of viewing freedom in the private
viewing mode to allow comfortable viewing by the viewer.
This technique increases the viewing angle without any
reduction in resolution or contrast of any colour.

The ordering oflayers between the display substrates when
this method is used may be TFT substrate, in-cell retarders,
spacer, liquid crystal, colour filters, colour filter substrate.
This has the advantage that the colour filters may be added to
the colour filter substrate in a separate processing step before
the other optical elements are added.

Alternatively, the ordering of layers may be TFT substrate,
liquid crystal, colour filters, spacer, in-cell retarders, colour
filter substrate. This has the advantage that the in-cell retarder
is placed on the colour filter substrate, which is typically
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flatter (and therefore a better base for alignment layers) and
also less fragile than the TFT substrate.

Alignment layers and electrodes, though present in the
device, are omitted from these lists.

The shape of pixels in the display panel may be modified to
affect the way in which the display moves from being read-
able to being unreadable. For example, if the opaque regions
such as 51 of each pixel are positioned along the vertical
edges of the pixel as shown at (a) in FIG. 16, then the user of
the display will have the maximum horizontal head freedom
within the region where the display is readable. This may be
preferable to the situation where the opaque regions 51
occupy the horizontal edges as shown at (b) in FIG. 16.
Alternatively, the pixels may be diamond-shaped as shown at
(c) in FIG. 16. In this case, for small displacements of the
user’s head, the amount of pixel exposed grows with the
square of the displacement rather than linearly. This may lead
to improved viewing characteristics.

In all embodiments, the optical behaviour of the layer 36
may depend upon the wavelength of light passing through it.
Different colours may therefore be affected differently by the
regions of the layer 36. This may lead to colour defects or a
reduced colour gamut for the display. These effects may be
reduced by using a different look-up table (a different map-
ping from the desired pixel brightness to the applied voltage)
for each primary colour and for each type of region. The
look-up tables are optimised to make the colour reproduction
of the display as faithful as possible.

The regions in the layer 36 may be vertical stripes. In this
case only horizontal movement of the viewer’s head affects
the appearance of the display. Alternatively, the regions in the
layer 36 may be limited in both vertical and horizontal direc-
tions, so that both vertical and horizontal motion of the view-
er’s head affects the appearance of the display.

Such displays may also be used as an optical decoding
device for a secure information system. In this application,
the action of each region of the layer 36 (inverting, non-
inverting or some other polarisation modifying element) is
determined by a random or pseudo-random procedure and is
different for each pixel in the display. The configuration of the
layer 36 is recorded at an information source and used to
determine the data sent over a non-secure channel to the
display. The information on the display cannot be read unless
the correct layer 36 is placed over it.

An advantage of this method over other cryptographic
schemes is that the private information cannot be inferred by
unwanted readers even if they have access to all information
passing through the terminal. The scheme can therefore be
used when the terminal is not secure.

FIG. 11 illustrates a display in which the layer 36 com-
prises Fredeerickz liquid crystal cells, such as 55, separated
by photoresist spacers, such as 56, which are isotropic. From
the side of the backlight 31, the layers of the device are
arranged in the order: linear polariser 32 with transmission
axis oriented at 0°; a glass substrate 45; the liquid crystal
display pixel layer 34 with pixels separated by black mask
regions 57; a glass substrate 46; a glass substrate 48; the
polarisation modifying layer 36 comprising the liquid crystal
retarders 55 and the isotropic photoresist spacers; a glass
substrate 49; and a polariser 33 whose transmission axis is
oriented at 90°. The optic axes of the retarders 55 are oriented
at 45°. The operation of such a device has been described
hereinbefore and will not therefore be described further.

FIG. 12 illustrates the lateral viewing freedom f of the
display shown in FIG. 11. The lateral viewing freedom fis the
width of the region from which the image displayed by the
display appears uncorrupted in the private viewing mode. For
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comfortable viewing in this mode, fshould be greater than the
separation of the eyes of a viewer, which is typically of the
order of 60 mm.

FIG. 12 illustrates how f depends upon the viewing dis-
tance r, the width b of the black mask regions in the display,
the separation h between the two layers and the refractive
index n of the material separating the two layers. FIG. 12
shows rays AA' and BB' which pass through the display, one
touching either end of a black mask region 57 with both rays
passing through the same point on the boundary between two
regions in the layer 36. Where these rays pass through the
plane 60 containing the viewer, they are separated by a dis-
tance equal to the viewing freedom f.

The angle between the rays in the material separating the
layer 34 and the layer 36 is o and the corresponding angle in
the air is f. The small angle approximation is sufficiently
accurate for estimating f for the values of these parameters
considered here. In this approximation, o=b/h and f=fir and,
from Snell’s law, p=nc.. so that f=nbr/h.

Examples of possible values for these parameters are
n=1.52, b=0.025 mm and h=1 mm. Even with this large value
of b, the viewing freedom f does not reach 60 mm until the
viewer moves as far away as r=1600 mm. At shorter viewing
distances, f is smaller and so the display cannot be viewed
comfortably in the private mode.

The techniques described hereinbefore for increasing the
lateral viewing freedom f may be applied to the display shown
in FIG. 11.

The display of FIG. 11 may also be used for displaying
secure data as described hereinbefore. In this case, the layer
36 need not be switchable. Thus, no electrode is necessary
and the liquid crystal in the layer 36 may be a fixed material
such as a polymerisable liquid crystal.

The layer 36 need not be fixed to the display but may be
carried separately and located on the display when needed.
The pattern of inverting and non-inverting layers in the layer
36 is chosen by a random or pseudo-random method and
recorded at the information source so that it can be used to
encode images which are then sent over an insecure commu-
nication channel.

The display shown in FIG. 13 differs from that shown in
FIG. 11 in that the layer 36 comprises a twisted nematic liquid
crystal layer provided on one side with a uniform electrode 61
and on the other side with a patterned electrode 62. Also, a
compensating film 63 is disposed between the substrate 49
and the polariser 33.

The patterned electrode 62 is shown at (b) in FIG. 13 and
defines the sets of regions A and B. The regions of each setare
connected together electrically so that different voltages can
simultaneously be applied to the two sets of regions. Thus,
one set of regions of the non-inverting type are effectively
created by applying a suitable voltage to one of the electrodes
of the patterned electrode 62 so that the liquid crystal mol-
ecules adjacent that electrode remain vertical and do not
rotate the plane of polarisation of light. The other electrode is
connected to zero voltage for the private viewing mode and to
the same voltage as the first electrode for the public viewing
mode so that the associated liquid crystal regions are switched
between a polarisation rotation mode and a non-rotation
mode.

By using the technique described hereinbefore with refer-
ence to FIG. 8, the region from which the display is clear is
enlarged so that a user can see it with both eyes at the same
time. The equation for the viewing freedom given above
becomes f=n(A+b)r/h. This makes the device practical for use
with high-resolution displays and normal glass thickness. For
example, a display for a notebook computer might have
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n=1.52, A=0.1 mm, b=0.01 mm, r=500 mm. If the display
substrate glass is 0.7 mm thick and the glass used for the layer
36 is 0.5 mm thick, then h=1.2 mm. The value of fis then 70
mm.

Because only half the blue pixels are used to carry infor-
mation, the effective resolution of the display for blue detail is
halved: however this is typically not noticeable because of the
eye’s lower acuity in the blue.

Electrode A covers an area equivalent to the inverting area
shown at (a) in FIG. 6, repeated six times over the area shown.
In a real device, there will be many more repeating units but
the layout of each will be the same. The horizontal cell width
p is approximately six times the pixel pitch A of the display
panel. In fact, p=6 F A, where F ,is the viewpoint correction
factor discussed above. The vertical cell width q may be any
multiple of the viewpoint-corrected pixel height: in the
example here, it is approximately equal to p.

In the private mode of the display, the contrast of the
displayed image at large (oblique) viewing angles is unim-
portant, because viewers at these angles cannot read informa-
tion on the display. However, in the public mode, it is desir-
able to make the contrast high and uniform across a wide
range of viewing angles. The presence of a vertically oriented
liquid crystal layer in the layer 36 causes contrast to deterio-
rate at high viewing angles. This is because it has positive
birefringence, the principal axis being normal to the display
plane. This layer has no effect on the polarisation of normally
incident light, but may change the polarisation state of light
entering the layer at other angles. In the public mode, the layer
36 should have no effect on the polarisation of light so that any
such change will have the effect of damaging the performance
of the display at higher viewing angles.

To remove this problem, the compensation film 63 is dis-
posed between the layer 36 and the upper polariser 33. This
layer 63 again has the principal axis normal to the display, but
has negative birefringence. The product of thickness and bire-
fringence dlAnl are equal for the layer 36 and the compensat-
ing film 63. The birefringence of the compensating film 63
then exactly cancels the birefringence of the polarisation-
modifying layer 36 in the switched state, so that the perfor-
mance at higher viewing angles is greatly improved.

Such compensating films are well known in their applica-
tion to improving the viewing angle characteristics of liquid
crystal display panels (P. Yeh and C. Gu, Optics of liquid
crystal displays (Wiley 1999); U.S. Pat. No. 5,196,953).
These references also describe how additional birefringent
layers may be added to compensate for the layers of liquid
crystal close to the interface, which remain horizontally
aligned. This further improves off-axis performance. Such
additional layers may also be included.

The paper ‘Achromatic polarization switch using a film-
compensated twisted nematic liquid crystal cell’, by Q. -H.
Wang et al, (Liquid Crystals vol 31, 535-9 (2004)) describes
an implementation of a polarisation rotating element where
compensating films have been optimised to improve the per-
formance.

In the embodiment described above, the twisted nematic
(TN) mode is used. Alternatively, the twisted vertically-
aligned nematic (T-VAN) mode may be used. This mode is
described in EP1103840. In this case, the liquid crystal cell
has a twisted structure and rotates the polarisation state when
voltage is applied, and is vertically aligned and does not affect
polarisation when no voltage is applied. The polarisation
modifying layer 36 therefore consumes electrical power in
the private mode and not in the public mode. This is an
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advantage for portable devices where power economy is
important and the device is used more oftenin its public mode
than in its private mode.

FIG. 14 illustrates at (a) a display in which the layer 36 has
three types of region, each having a different effect on the
polarisation state of light. The liquid crystal display panel 34
used is the vertically aligned nematic (VAN) type, with each
pixel acting as a three-quarter-wave plate in the voltage-on
state and having no effect on the polarisation of normally
incident light in the voltage-off state. Linear polarisers 32 and
33 with axes perpendicular to one another and at 45 degrees to
the alignment directions of the layer 34 are placed above and
below the structure.

The layer 36 is a Freedericksz liquid crystal cell. The
electrode 61 on one substrate 48 of the cell is uniform. On the
other substrate 49, the electrode 62 is patterned so that it has
three electrically disconnected regions. As shown at (b) in
FIG. 14, a small section of the electrode 62 has the different
regions marked A, B, C. Each rectangle in the electrode 62
covers six colour sub-pixels in the layer 34.

The alignment direction of the liquid crystal in the layer 36
is perpendicular to the alignment direction of the liquid crys-
talin thelayer 34. The cell thicknesses and material properties
are chosen so that, when a display pixel is switched to the state
where it is effectively a half-wave retarder and the adjacent
region of the layer 36 has no voltage applied, the region
exactly compensates for the birefringence of the display
panel.

In the public mode, voltage is applied to all electrodes so
that the layer 36 has little effect on the polarisation of light
passing through it. The display functions as if the layer 36
were not present, with each pixel in the display being supplied
with a voltage which causes it to act as a retarder with a
retardance between zero (giving a black pixel) and half a
wavelength (giving a bright pixel).

In the private mode, the voltages applied to the three dif-
ferent regions are different. The voltages are chosen so that
region A acts as a half-wave plate, the region B acts as a %
wave plate, and the region C has substantially no effect on the
polarisation of light.

For a viewer located centrally, the effect of the layer 36 in
this state is to change the mapping between the state of the
pixels inthe display and the grey level seen by the viewer. The
effective retardation of a pixel seen through its associated
region is simply the difference between the retardation of the
two elements. For example, a half-wave retarder in the dis-
play combined with a perpendicular one-quarter wave
retarder in the layer 36 is equivalent to a single one-third wave
retarder. The transmission of a retarder with fraction f of a
whole wave between crossed polarisers and with the principal
axis at 45 degrees to the polariser axis is sin? (xf).

The table below summarises this effect for the display
described above.

Relative brightness of pixels

Action of region in PML

L5 wave
retarder

Y4 wave
retarder

no
effect

0%
50%
100%
50%

50%
0%
50%
100%

100%
50%
0%
50%

1o effect

/4 wave retarder
5 wave retarder
¥4 wave retarder

Action of display
pixel
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Because each display pixel can vary its retardance between
0 and ¥4 wave, in the private mode, the data sent to the pixels
of the layer 34 can be adjusted so that a centrally located
viewer will see an uncorrupted image. As in previous embodi-
ments, off-axis viewers will see a corrupted image because of
parallax effects.

What is claimed is:

1. A display comprising:

a polarisation modulating layer having a plurality of con-

trollable pixels;

afirst polariser disposed at a side of a display surface of the

polarisation modulating layer;

a source of light disposed at a side of a back of the polari-

sation modulating layer; and

a polarisation modifying layer disposed between the

source and the first polariser and spaced from the polari-
sation modulating layer,

wherein:

the polarisation modifying layer has at least a first region

and a second region,

the polarisation modulating layer includes a single pixel or

a plurality of pixels and has a first pixel associated with
the first region and a second pixel associated with the
second region,

in each of a first set including the first pixel and the first

region and a second set including the second pixel and
the second region, each region of the polarisation modu-
lating layer has a same polarisation modifying effect,
and

between different sets, such as a set including the first pixel

and the second region or a set including the second pixel
and the first region, each region of the polarisation
modulating layer has a different polarisation modifying
effect.

2. A display as claimed in claim 1, further comprising a
second polariser between the polarisation modulating layer
and the source of light.

3. A display as claimed in claim 1, wherein the polarisation
modulating layer comprises a liquid crystal layer.

4. A display as claimed in claim 1, wherein the first region
of the polarisation modifying layer has substantially no
polarisation modifying effect.

5. A display as claimed in claim 4, wherein the first region
of the polarisation modifying layer comprises a Freedericksz
cell with an alignment direction oriented substantially paral-
lel to a transmission axis of the first polariser.

6. A display as claimed in claim 1, wherein the second
region of the polarisation modifying layer is arranged to
change a polarisation of light passing therethrough by 90°.

7. A display as claimed in claim 6, wherein the second
region of the polarisation modifying layer comprises a
retarder.

8. A display as claimed in claim 6, wherein the second
region of the polarisation modifying layer comprises a polari-
sation rotator.

9. A display as claimed in claim 8, wherein the polarisation
rotator is a twisted nematic liquid crystal polarisation rotator.

10. A display as claimed in claim 6, wherein the second
region of the polarisation modifying layer comprises a Freed-
ericksz cell with an alignment direction oriented at substan-
tially 45° to a transmission axis of the first polariser.

11. A display as claimed in claim 1, further comprising a
controller arranged to supply, to each pixel, image data modi-
fied so as to compensate for the polarisation modifying effect
of the polarisation modifying layer.

12. A display as claimed in claim 11, wherein the controller
is arranged to supply, to each pixel, the image data represent-
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ing a difference between a pixel polarisation change for
selecting a desired pixel grey level and a polarisation change
produced by the polarisation modifying layer.

13. A display as claimed in claim 1, wherein the display
provides a private viewing mode in which visibility of a
displayed image is restricted to a limited region of space
sufficient only for a viewer to view the image.

14. A display as claimed in claim 13, wherein the polari-
sation modifying layer is disablable to provide a public view-
ing mode in which the displayed image is visible throughout
an extended region of space larger than the limited region.

15. A display as claimed in claim 14, wherein, in the public
viewing mode, the regions of all of the sets are arranged to
have substantially a same polarisation modifying effect.

16. A display as claimed in claim 15, wherein, in the public
viewing mode, the regions of all of the sets are arranged to
have substantially no polarisation modifying effect.

17. A display as claimed in claim 1, wherein the polarisa-
tion modifying layer comprises a liquid crystal layer.

18. A display as claimed in claim 17, wherein the polari-
sation modifying layer comprises a patterned electrode defin-
ing the regions.

19. A display as claimed in claim 18, wherein the polari-
sation modifying layer comprises a Freedericksz cell, a
twisted nematic layer, or a twisted vertically aligned nematic
layer.

20. A display as claimed in claim 1, wherein the polarisa-
tion modulating layer is arranged to output light of substan-
tially linear polarisation for all pixel grey levels.

21. A display as claimed in claim 20, wherein the polari-
sation modifying layer comprises a half wave plate having
optic axes which are differently oriented in the regions of the
different sets.

22. A display as claimed in claim 21, wherein the polari-
sation modifying layer is disposed between the modulating
layer and the half wave plate.

23. A display as claimed in claim 20, wherein the polari-
sation modulating layer is of an in-plane switching liquid
crystal type.

24. A display as claimed in claim 20, wherein the polari-
sation modulating layeris a liquid crystal switchable between
asubstantially vertical alignment and a substantially horizon-
tal alignment.

25. A display as claimed in claim 24, wherein the regions of
the different sets provide different retardations.

26. A display as claimed in claim 1, wherein the pixel of the
polarisation modulating layer is disposed as a composite
colour group which is repeated in a row direction of the
display.

27. A display as claimed in claim 26, wherein each of the
regions is aligned in a viewing direction using a set of a
composite colour group (R, G, B) with at least one pixel at
each end of a set of the composite colour group being
arranged to display a fixed brightness.

28. A display as claimed in claim 27, wherein the fixed
brightness is substantially equal to 50% of a maximum
brightness.

29. A display as claimed in claim 27, wherein the at least
one pixel comprises a blue pixel (B).

30. A display as claimed in claim 27, wherein the at least
one pixel comprises red and blue pixels (R, B).

31. A display as claimed in claim 27, wherein the at least
one pixel comprises a composite colour group (R, G, B).

32. A display as claimed in claim 1, wherein the display
provides an optical decoding mode for viewing encoded
image data.
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33. A display as claimed in claim 32, wherein the polari- the polarisation modulating layer includes a single pixel or
sation modifying layer is disablable to provide a plane view- aplurality of pixels and has a third pixel associated with
ing mode for viewing non-encoded image data. the third region, and
34. A display as claimed in claim 1, wherein: the display comprises a third set including the third pixel
’ 5 and the third region.

the polarisation modifying layer further comprises a third
region, and X ok % k&
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